A new method to accelerate the carrier lifetime in semiconductor optical amplifiers (SOAs) is experimentally demonstrated. The four-wave mixing (FWM) effect is induced without recourse to external optical light sources. A pair of fiber Bragg gratings is utilized to generate pre-spectral sliced seed light channels as FWM inputs, by reflecting the backward amplified spontaneous emission from the SOA in a gain-clamped configuration. The theory predicts a three times shorter carrier lifetime, compared to coherent inputs in a travelling-wave arrangement. Furthermore, this method can be a more accurate measure of the nonlinear parameters of SOAs rather than conventional techniques, owing to the polarization-independent nature of the corresponding incoherent products.
Introduction
Semiconductor optical amplifiers (SOAs) for high-speed all-optical signal processing are still showing great promise, due to their inherently highly non-linear properties. An example of this, is a refractive non-linearity a hundred times greater than that of an equivalent length of optical fiber [1] . However, next generations of multi-functional processing applications require SOAs to possess faster gain recovery to cope with pattern effects, and to consequently operate at high-speed bit rates. The response of conventional bulk and quantum-well (QW) SOAs is still currently tied up by their long carrier lifetimes -of the order of hundreds of picoseconds [2] . In order to speed up the carrier lifetime of SOAs, many approaches have been reported in the literature. One method proposed the use of an external holding beam at a transparency point [2] - [5] . However, the injection of continuous-wave assisted light only increases complexity, and requires very large input optical powers. The gain of the SOA is then considerably reduced and, furthermore, this causes spectral broadening and distortion. Another approach has involved the use of quantum-dot (QD) and doped QW SOAs [6] - [8] . Additional methods have also incorporated a custom-made SOA, designed carefully with high amplified spontaneous emission (ASE) [9] - [11] . This approach involved the use of SOAs operating at high driving currents, which may not be commercially viable.
The carrier lifetime of SOAs is inversely proportional to saturation intensity of light, in which, efficient saturations occurring in gain media lead to higher stimulated recombination rates. The pre-spectrum sliced seed light (PS-SL) technique has been introduced to improve the power efficiency of the conventional spectrum-slicing seed light (SS-SL) technique [12] , [13] and to also enhance the modulation bandwidths of amplifiers [14] . The PS-SL technique leads to efficient saturation occurring in gain-clamped (GC) configurations. The backward ASE of an erbium-doped fiber amplifier (EDFA) is spectrally sliced by a wavelength division multiplexer, and then reflected back by optical mirrors and re-injected into the EDFA. PS-SL re-injection of spectrum-sliced channels permits better energy and cost efficiency than that provided by the necessary multiple amplification procedures accompanied with other SS-SL techniques. Fig. 1 (a) shows the operational principle of four-wave mixing (FWM) based on the SS-SL technique in a travelling-wave (TW) SOA. An incoherent broadband light source, such as ASE, is spectrally sliced by means of tunable and multiple band-pass filters. The operational principle of FWM based on PS-SL proposal in a GC SOA is illustrated in Fig. 1 (b) . The generated PS-SL channels are trimmed, pure and amplified -compared to original spectrum-sliced inputs due to the interactions between the backward ASE and PS-SL components at the input of SOA. The SOA is employed as a common ASE source, a GC amplifier and a non-linear medium concurrently.
In this work, we present a simple technique to accelerate the carrier lifetime of a SOA, via its backward ASE in a GC arrangement. PS-SL inputs are used to induce a FWM effect, in order to characterize the non-linear parameters of SOA under-test. This approach requires neither tunable RF nor laser sources, but the backward ASE of the employed bulk SOA is exploited efficiently without recourse to any active devices. Section 2 details the theoretical background. The characterizations of the SOA and the experimental set-ups used are then described in Section 3. The results and discussions are subsequently explained and analyzed in Section 4. Finally conclusions are given in Section 5. 
Theoretical Background
The analytical model presented in [15] is used to extract the non-linear fitting parameters of the SOA employed in the experiment. The saturation processes and propagation effects of the SOA are taken into account, thus classifying this model as a persuasive tool for analyses of FWM. An understanding of the theory that forms the basis for this model is useful for determining the related values of merit, such as conversion efficiency, for given device parameters. This understanding is therefore valuable when applying the model to extract the SOA non-linear parameters which fit the measurements of FWM process. The saturation intensity is inversely proportional to the carrier lifetime; therefore higher conversion efficiency means shorter carrier lifetime. Considerably more detailed analysis shows the conversion efficiency, the ratio between the conjugate output power and the input probe power, derived in [15] from the TW equations solutions, to be expressed by:
where E 2 (z) -the conjugate mode amplitude of electric field in transverse electric mode, the output of the conjugate is proportional to the amplitude of the probe at input E 1 (0). After derivation of traveling wave equations solutions and algebraic manipulations, probe and conjugate were given by:
where; α l is the Henry's linewidth enhancement factor, G is the normalized conjugate output power, G is the saturated small signal gain, F α l and F cd represent the contributions of Henry's linewidth enhancement factor and the carrier density modulation to the FWM response, respectively and is the beating frequency. Substituting equations (A.1) to (A.8) -given in appendix A in (2) and (3), and then substituting (2) and (3) in (1) provides the result:
SOA Characterization and Experimental Set-ups
Characterization of the SOA ASE output spectra at various bias currents is given in Fig. 2(a) . The gain responses with respect to various output powers are shown in Fig. 2 (b) . The SOA (Alphion SAS26p) used in the experiment has a small unsaturated gain (G o ) of 21 dB at input power of -30.2 dBm at 1548.31 nm wavelength with a saturated output power of 9.4 dBm. An optical spectrum analyzer (OSA) is used for peak-power measurements. The maximum polarization-dependent-gain between transverse electric and transverse magnetic components of the SOA-device at 550 mAmaximum operational drive current is 1.5 dB at chip temperature of 25°C as specified in the data sheet. Fig. 3(a) illustrates the experimental TW SOA configuration of a coherent FWM effect. Tunable laser sources were utilized as the pump and probe signals. The polarizations of both inputs were controlled carefully via two polarization controllers. The outputs were combined using a 90/10 coupler in order to control the pump-probe ratio between the FWM inputs, and sent through an isolator to prevent the backward ASE of employed SOA, which in turn served as a non-linear medium. An OSA was utilized to characterize the output of the SOA. Fig. 3(b) shows the configuration of a typical SS-SL FWM set-up. An ASE light source, with an output total ASE power of around 10.65 dBm, was used as the broadband source. Two fiber Bragg grating (FBG) filters were deployed in series, and coupled to a circulator in order to spectrally slice the pump and probe wavelengths. The 3 dB bandwidths of the filters were 0.262 nm and 0.256 nm for the 1544.41 nm probe (FBG1) and 1539.51 nm pump (FBG2) channels, respectively. Both spectrally sliced wavelengths having −13.1 dBm total output ASE power were combined at the output port of the circulator, whereby the reflected wavelengths were subsequently sent through a TW SOA. An optical isolator was used to suppress any reflection from the unfiltered ASE signal.
The experimental set-up of the proposed PS-SL FWM system based GC SOA arrangement is shown in Fig. 3(c) . Two FBGs filters were attached directly at the input of SOA, as to make use of the backward ASE from SOA. The total power of backward ASE was 14.7 dBm. It was spectrally-sliced via two FBGs filters, and the resulting reflected sliced channels underwent amplifications in the SOA medium, which were manifested as backward amplified signals. These sliced channels achieved a total power of −1.3 dBm, due to the benefits associated with the backward ASE amplifications properties. The backward amplified signals were then re-injected into the SOA, so as to induce simultaneous direct interactions with the SOA medium, and all the ensuing SOA outputs were conveyed into the generated FWM channels. An optical isolator at the far-end input of the SOA was used to ensure unidirectional propagation for both SS-SL channels. An optical attenuator was used to attenuate the high level of output power, such that the FWM conversion efficiency could be monitored and measured via an OSA with a resolution of 0.02 nm.
In order to verify the gain clamping characteristics of the proposed PS-SL set-up, in comparison to TW configurations, a tunable laser source is added immediately before the isolator shown in Fig. 3(c) , in the presence of the FBGs filters. The gain response of the SOA against the input power of laser source in a conventional TW and GC configurations at different center wavelengths (1520, 1560 and 1580 nm) are recorded in Fig. 4 . The signal wavelengths are purposely selected in order to avoid overlapping with the central frequencies of the FBGs at 1539.51 and 1544.41 nm. Referring to Fig. 4 , the gain for the PS-SL setup is clamped in the range of 6.0 to 7.5 dB irrespective to the input power variations, in comparison to the gain characteristics of the TW arrangement. This indicates that the SOA population inversion is fixed due to the presence of strong reflected lights by FBG1 and FBG2 [16] . This condition is also matched with the laser behavior in previous work [17] .
Results and Discussions
The characterizations of four different FBGs filters used in the experiment, marked with red lines, are illustrated in Fig. 5(a) and (b). They were examined using an ASE source and a circulator to obtain their reflection spectra. In Fig. 5 (a), FBG1 and FBG2 had center wavelengths of 1539.508 nm and 1544.409 nm, and around 34.89 dB and 34.7 dB optical signal-to-noise ratio (OSNR), respectively. The 3 dB bandwidths of the filters were 0.256 nm and 0.262 nm for the 1539.508 nm and 1544.409 nm wavelengths, respectively. The SS-SL channels at the output of the SOA, shown in blue lines, were amplified and broadened with respect to the original spectra with reduced OSNR, due to the presence of ASE in the amplification bands. SS-SL is just a simple version of a filtered ASE spectrum, and it suffers from a high filtering power loss during spectral slicing -which is compensated in the energy-efficient PS-SL through a simple laser cavity formed at the backward side of SOA. Therefore, FWM with SS-SL could not be observed with the SOA employed, due to the requirement of very high input power. While a dual-stage amplifier could be used to amplify the SS-SL channels, this will be accompanied by a high ASE level -which limits the achievement of high peak power required to observe FWM. However, this is limited by the relatively low saturated power of SOAs, where a high input power will not be useful.
The PS-SL channels at the output of the SOA are illustrated by the yellow lines, which are compared to the original characterized channels, and also the output of the traditional SS-SL technique. The PS-SL outputs spectra were higher in OSNR values, and also narrower in bandwidth. They had spectral purities and OSNR in excess of 48.13 dB, while noise levels descended to −47.5 dBm. It is important to note that the yellow spectra shown in Fig. 5(a) had 3 dB linewidths of 0.14 nm and 0.11 nm, which were narrower than that of the spectra recorded while characterizing the FBGs filters and the conventional SS-SL outputs. The narrowing mechanism occurred due to the interference between the backward ASE and counter-propagating PS-SL patterns travelling into and out of the amplifier, which induces a transient Bragg gratings effect and dynamic modulation of the amplifier refractive index. The latter occurred due to an efficient amplifier gain saturation, which also lead to significant ASE suppression and carrier lifetime acceleration. This is supported by the GC SOA characteristics, as depicted in Fig. 4 . Another example is shown in Fig. 5(b) . FBG1 and FBG2 had center wavelengths of 1544.68 nm and 1548.316 nm, around 24 dB and 20.8 dB OSNR, respectively, and 0.211 nm and 0.064 nm 3 dB bandwidths, respectively. Likewise, the PS-SL output spectra were higher in OSNR values, and also narrower in bandwidths. The PS-SL outputs spectra were trimmed down to 77 pm and 49 pm for both channels, respectively. The OSNR was about 47.6 dB, while the noise level dropped to −46 dBm. The wavelength range is cut short in Fig. 5(b) , in order to illustrate the narrowing mechanism accompanying the PS-SL over SS-SL method. Fig. 6 demonstrates PS-SL FWM indicated in blue color, induced from the backward ASE of the implemented SOA associated with FBGs filters only. The spectra marked in red color are the outputs of the SOA with coherent sources. Fig. 6(a) compares between coherent FWM and PS-SL FWM. The input power was −16.91 dBm, while the bias current of the SOA was 550 mA. It is clearly seen that PS-SL inputs saturates the SOA more effectively than coherent inputs, and the ASE level of PS-SL FWM is 4.3 dB lower than that of coherent FWM. The FBG filters used had center wavelengths of 1544.68 nm and 1548.316 nm and 3 dB bandwidths of 0.211 nm and 0.064 nm, respectively. Fig. 6(b) illustrates both scenarios. The input power of coherent sources only was increased to −12.81 dBm, and the drive current of the SOA was reduced to 178 mA to purposely match both spectra on OSA ensuring an equal output power. The idler of PS-SL FWM is 7.9 dB higher in power than that of conventional FWM. Fig. 7 (a) and (b) illustrate both negative (down) and positive (up) wavelength conversions processes, respectively, using different FBGs filters than those used to present Fig. 6 . Optical fiber loops were established prior to the FBG filter responsible for probe signal generation, in order to induce an optical loss and to control the power ratio between pump and probe channels. A comparison between the FWM spectra of both PS-SL and coherent techniques is also shown in both figures. The 3 dB bandwidths of the filters used for PS-SL FWM were 0.256 nm and 0.262 nm, with 1539.51 nm and 1544.41 nm center wavelengths, respectively. The input powers of the PS-SL FWM pump and probe channels were measured to be −16.20 dBm and −19.08 dBm, respectively. These power measurements were recorded by taking the peak powers values of the pump and probe spectra on the OSA, as described in [18] , [19] . The pump, probe and idler channel wavelengths were 1539.605 nm, 1544.487 nm, and 1534.726 nm, respectively. A conversion efficiency of −17.13 dB was measured across a 1544.487 nm to 1534.726 nm negative detuning. The FWM efficiency of PS-SL inputs was 8.78 dB higher than that with coherent inputs, as can be depicted from Fig. 7(a) .
The maximum recorded conjugate powers (ρ) for both FWM systems, based on coherent and PS-SL inputs, are compared in Fig. 8 . Tunable laser sources were used to tune the coherent inputs of FWM effects across wide conversion bandwidths. Several FBGs filters were deployed and tuned by applying strain, via a simple stage tool, in order to study the conjugate powers at different detuning spans. Blue and green lines represent theoretical conjugate powers results based on coherent and PS-SL inputs, respectively. While, red squares and yellow triangles represent practical conjugate powers of coherent and PS-SL FWM, respectively. The conjugate power (ρ) is defined as the power of the idler normalized to the output power of the probe, and given by:
where; G is found from equation A.1,α l is the Henry's linewidth enhancement factor, σ is a proportionality constant, F cd represent the contributions of carrier density modulation to the FWM response, L is the amplifier length and is the beating frequency. The ρ values were calculated via computer iterations within the theoretical model defined in Appendix A with the fitting non-linear parameters detailed in Table 1 . These findings applied a pump peak power of −16.20 dBm and probe peak power of −27.48 dBm, and a corresponding saturated gain (G) of 18.46 dB and 16.64 dB, obtained in the experiments for coherent and PS-SL, respectively. It was assumed that around 10% of the input power was coupled into the SOA waveguide [15] . Fig. 8 shows that an excellent match between the theory and experiment can be obtained using different material fitting parameters for coherent and PS-SL sources (see Table 1 ). The results confirm that the SOA implemented here showed higher efficiencies with PS-SL inputs with a faster carrier lifetime than what was attainable using coherent sources (CSs). The maximum conversion efficiency difference between both techniques is around 8.8 dB at 9.76 nm conversion bandwidth, whereas the corresponding minimum discrepancy is about 6.0 dB at detuning of −1.03 nm. This is believed to be due to polarization matching and efficient saturation being attained at short detuning spans. With a normalized waveguide loss coefficient (α ) of 0.1 used in [15] , the non-linear fitting parameters with PS-SL conjugate power values obtained from the experiment were found to be as follow: α l = 6, τ = 80 ps, τ 1 = 50 fs, τ 2 = 250 fs, ε sh . P s = 0.14, ε ch. P s = 0.035. These terms were explained and defined earlier in the text. Noteworthy, it has been reported that Brillouin scattering impairments in optical fibers can be avoided via incoherent pumps likewise, and therefore offered better conversion efficiencies compared to coherent sources [19] - [21] .
There are two factors attributed to shortening the carrier life time of the SOA in the proposed method. Firstly, the efficient saturation intensity occurring with GC SOA configuration, due to the interference between the backward ASE and counter-propagating PS-SL patterns circulating into and out of the amplifier. This induces a transient Bragg grating effect, causing a narrowing mechanism and a dynamic modulation of the amplifier refractive index. The latter occurs due to an efficient amplifier gain bleaching, which leads to carrier lifetime acceleration -as saturation intensity is inversely proportional to the carrier lifetime of the SOA. This also resulted in significant ASE suppression -in contradiction to the SS-SL technique. The PS-SL elements are trimmed down, the noise is suppressed, and can therefore theoretically be treated as coherent inputs. Another factor can be thought of in a statistical average sense; the PS-SL elements carry higher power corresponding to the numerous number of photons existed in each mode of a PS-SL channel. Every single photon within a PS-SL input channel experiences amplification. This therefore increases the optical intensity compared to coherent inputs, which leads to a higher stimulated recombination rate and therefore to a shorter carrier lifetime.
Furthermore, the proposed system performance is also examined and compared to the conventional coherent technique across wide ranges of drive currents. The drive current of the SOA was varied during both experiments. Operating SOAs at high bias currents provides larger unsaturated gain (high carrier density) -which tends to shorten their carrier life times, and consequently leads to higher FWM efficiency. As the bias current of the SOA is varied from 50 mA to 550 mA at 4.03 dBm input power, with coherent FWM inputs, the carrier lifetime is accelerated from 109 ps to 61 psas is depicted in Fig. 9(a) . On the other hand, using PS-SL inputs at a much lower input power of −16.2 dBm and 550 mA bias current shortened the speed of the SOA from 550 ps at 200 mA down to 80 ps -in an exponential recovery trend. As can be depicted from the figures, the PS-SL conjugate power is expected to grow further in comparison to the coherent FWM trend at higher power inputs. The minimum and maximum conjugate power values shown in Fig. 9 (b) are taken with different FBGs filters bandwidths. The conjugate power is also partially influenced by the available statistical powers within their differing filters bandwidths. This is also attributed to an unstable resonance of the backward ASE loop at low bias current only. It is expected that utilization of higher SOA ASE backward power will accelerate the SOA recovery time much further. Hence; the PS-SL method provides a more effective method to speed up the recovery of the amplifier compared to conventional coherent techniques. Bulk and QW SOAs provide relatively low unsaturated gains, saturation output powers and small-signal bandwidths, which limit their speed compared to QD and doped QW types [22] - [24] . It is expected that the proposed method would be of greater help to shorten the carrier lifetimes of doped QW and QD SOAs, owing to their higher saturation output and backward ASE powers compared to QW -which both have limited accelerated carrier lifetimes of tens of pico-seconds at low input power ranges. The proposed technique can furthermore be used for gain and nonlinearity response characterizations of all SOA types -at almost no cost and without recourse to tunable, high power and bulky coherent sources. This scheme can also be employed to produce GC multi-channels for employment in wavelength division multiplexing passive optical networks systems [12] , [25] - [27] .
Observation of Fig. 10(a) shows three-dimensional coherent FWM spectra using the set-up shown in Fig. 3(a) , as being significantly erratic. The input power of the pump was measured to be 8.07 dBm, using an OSA with a drive current of 300 mA. The power fluctuations of the FWM components are plotted against arbitrary polarization states as a result of randomly rotating the paddles of the polarization controllers. The evaluated variations in the FWM conjugate were about 19 dB, as is clearly shown in Fig. 10(c) . This was a consequence of the occurring drifting of the polarization states between pump and probe fields. Indeed without complex and costly feedback circuits, the conjugate can almost disappear [28] . On the other hand, three-dimensional PS-SL FWM spectra which are recorded at the output of the optical attenuator in the set-up, presented in Fig. 3(c) , are illustrated in Fig. 10(b) , demonstrated very stable and polarization-independent features, despite slight power fluctuations in the FWM conjugates of about 0.28 dB as a maximum. This is clearly depicted from Fig. 10(c) . The power input of coherent FWM is much higher than that of PS-SL FWM, showing the large idler power variations. Applying equal input power to PS-SL leads to very low idler power, and varying the polarization states will not eventually show the real variations of the FWM efficiency.
Temporal fluctuations of amplitude, phase, and polarization states on the PS-SL channels would have been equivalently transferred to the conjugate owing to the instantaneous nature of FWM mechanism. Each mode of PS-SL fields created from non-polarized backward ASE of a SOA depicted an enormous number of photons with erratically distributed states of polarizations [18] , and thus is indicative of polarization matching which always takes place within spectrally-sliced incoherent paths in a statistically average sense [29] . This virtue draws attention for prospective real devices based on this configuration, since it dispenses with the need for polarization controller components.
Conclusion
This paper has experimentally demonstrated a new method to speed up the carrier lifetime in semiconductor optical amplifiers in a gain-clamped configuration. The experimental FWM results show that PS-SL inputs lead to higher conversion efficiencies, compared to coherent sources in a travelling-wave arrangement, and drive the SOA into the non-linear regime more quickly. The theoretical analysis has shown that the carrier lifetime was accelerated to about three times that of the speed employed with conventional coherent sources. Furthermore, FWM based on PS-SL inputs offers both an accurate polarization-independent and an economical method to characterize the non-linear parameters of a SOA.
Appendix
In this appendix, the detailed equations substituted in the conjugate mode amplitude of electric field (E 2 (z)) and the amplitude of the probe at input E 1 (0) used to extract the non-linear parameters of SOA are given by: 
where; α is the normalized waveguide loss coefficient, σ is a proportionality constant, F sh and F ch represent the contributions of spectral hole burning and carrier heating to the FWM response, respectively,P sat is the saturation power, P t is the total power input,ḡ is the unsaturated gain coefficient, g o is the normalization gain, ε sh and ε ch are the strengths of the corresponding carrier heating (CH) and spectral hole burning (SHB) non-linear effects respectively, is the beating frequency, P O (0) and P 1 (0) are the average input powers of probe and pump elements correspondingly, τ is the spontaneous carrier lifetime, H ch and H sh are the Fourier transforms of the non-linear gain response due to CH and SHB respectively. These Fourier transforms are given by:
H ch ( ) = 1 (1 − i τ 1 ) (1 − i τ 2 ) (A.7)
where τ 1 is the characteristic time of the carrier-longitudinal optical (LO) phonon scattering that is responsible for in the cooling of the carrier distribution to the lattice temperature, and τ 2 is the characteristic time of the carrier-carrier scattering that is responsible for the filling of the hole burned by the field in the intra-band carrier distribution and also for the heating of the electron and hole gas.
